Flow regulation via impoundments threatens lotic ecosystems and the services they provide globally. Impoundments drastically alter flow and stream temperature variability within fluvial environments, but efforts to quantify ecohydrological and ecothermal responses to flow regulation in conjunction have been sparsely explored to date. This study examined macroinvertebrate community responses to antecedent flow (discharge) and stream temperature variability across paired regulated and non-regulated systems associated with three reservoirs located in adjacent catchments. Community abundances, functional traits, and biomonitoring indices were examined, and ecological differences between non-regulated and regulated sites were quantified, with the most sensitive faunal response being correlated against a suite of flow and thermal indices.
and other taxa such as macroinvertebrates (Satake & Ueno, 2012) . In addition, river regulation modifies downstream channel morphologies (Carling, 1988; Petts & Gurnell, 2005) and the physico-chemical properties of impounded waters and their tailwaters, including dissolved oxygen (Nürnberg, 2002; Satake & Ueno, 2012) and stream temperature variability (Webb & Walling, 1996; Casado, Hannah, Peiry, & Campo, 2013) . Such modifications have potentially significant ecological implications (see Ward & Stanford, 1983 , 1995 Ellis & Jones, 2013) , although the number of studies quantifying the long-term biotic responses to multiple environmental variables modified by flow regulation has been limited.
Hydrological and thermal modifications downstream of impoundments
have been found to persist over greater longitudinal distances compared to other environmental variables, such as periphyton concentration and substrate composition (Ellis & Jones, 2014) . As such, quantifying ecological responses to flow and stream temperature variability across multiple years would allow key drivers of biotic change to be observed and quantified on an interannual basis, which could underpin the development of future "environmental flow" strategies (Olden & Naiman, 2010; Acreman et al., 2014; Gillespie et al., 2015b; King et al., 2015) .
Environmental flows (e-flows) refer to the sustainable delivery of water capable of supporting aquatic ecosystems and the services they provide (Arthington, Naiman, McClain, & Nilsson, 2010; Acreman et al., 2014) . Approaches to e-flows associated with impoundments have been historically centered on sustaining a minimum flow that is capable of supporting a target species (Petts, 2009) . However, the development of the "Indicators of Hydrologic Alteration" (sensu Richter et al., 1996) and the "Range of Variability Approach" (sensu Richter, Baumgartner, Wigington, & Braun, 1997) prompted the development of novel methods for quantifying hydrological modifications induced by anthropogenic activities (such as river regulation) centered around the five facets of the natural flow regime: "magnitude," "frequency," "duration," "timing," and "rate of change" (Poff et al., 1997) . Such frameworks have underpinned the identification and examination of over 200 "ecologically relevant" flow indices (Olden & Poff, 2003; Monk, Wood, Hannah, & Wilson, 2007) that have been related to ecological responses in lotic environments across a wide range of studies (e.g., Englund & Malmqvist, 1996; Clausen & Biggs, 1997; Monk et al., 2006; Kennen, Riva-Murray, & Beaulieu, 2010; Belmar et al., 2013; Worrall et al., 2014) . Such ecohydrological relationships have also been established to quantify the biotic alterations driven by different forms of hydrological modification, including river impoundments (Armanini et al., 2014) and groundwater abstraction (Kennen, Riskin, & Charles, 2014) .
Although there has been a historical emphasis on the volume of water available to the environment, there is increasing acknowledgement that e-flow methodologies should also consider stream temperature variability within lotic systems (e.g., Olden & Naiman, 2010) .
Recent research has illustrated this through the exploration of stream temperature variability occurring across the five facets that comprise the natural flow regime (Chu, Jones, & Allin, 2010; Casado et al., 2013) , implying that both thermal and hydrological indices share significant ecological relevance. Considering and quantifying ecological responses to flow and stream temperature variability in unison have the potential to provide a greater understanding of what mechanisms are driving instream community responses to river regulation and a platform for guiding the development of e-flow frameworks, which has seldom been exploredto date (but see Jackson, Gibbins,& Soulsby, 2007) .
The functional traits (biological properties and ecological preferences) of macroinvertebrate communities are being increasingly utilized by scientists and practitioners to provide a greater causal understanding of biotic responses to a range of anthropogenic stressors (see Statzner & Bêche, 2010) , including hydrological alterations (Tupinambás et al., 2014; Dolédec et al., 2015) . However, the examination of taxonomic compositions may provide additional insights into how individual taxa respond to hydrological modifications, including non-native organisms that frequently proliferate in systems with modified flow regimes (Bunn & Arthington, 2002) . In addition, a number of routine biomonitoring indices based on faunal preferences and tolerance ranges to different environmental parameters have been used to quantify macroinvertebrate community responses to flow regulation (e.g., Armanini et al., 2014; Gillespie, Brown, & Kay, 2015a) . Evidently, ecological information can be processed in various forms, but these may not respond consistently to the construction of impoundments and few studies have quantified their relative sensitivity to flow regulation (but see Tupinambás et al., 2014) . In addition, all of the reservoirs operate continuous aeration systems that prevent thermal stratification throughout the year.
| Flow and temperature data
Hydrological variability at regulated sampling sites was measured by gauges at each of the reservoir outflows that provided average daily discharge values (m 3 /s). Flows at all non-regulated sampling sites were derived via hydrological models (mass-balance or area-runoff) developed by the regional water company (Wessex Water plc.). The models output an average weekly discharge value (m 3 /s) and have been approved as accurate representations of non-regulated flows by the Environment Agency (EA-the statutory environmental regulator in England; Wessex Water, 2013) . Stream temperature records were collected from each sampling site at 15-minute intervals using "Tinytag" temperature loggers for a minimum of 12 months between 2011 and 2012. For the purpose of extending stream temperature time-series across the study period, daily maximum air temperatures were obtained from the "British Atmospheric Data Centre" for Yeovilton and Nettlecombe weather stations (Figure 1 ), which were located within 25 km of the three impounding structures.
| Macroinvertebrate sampling
Macroinvertebrate samples were collected by the EA and Wessex
Water as part of routine biomonitoring programs along the three watercourses (six sampling sites-paired non-regulated and regulated).
All samples were collected using a standardized 3-min kick method, supplemented with a 1-min hand search following the standard procedure specified by the EA (Murray-Bligh, 1999). Macroinvertebrate communities were subsequently identified to family-level, except for Hydracarina, Microtubelleria, Nematoda, Ostracoda, and Oligochaeta, which were identified as such. Ecological data included in this study were screened so that for a given year, only samples taken in both spring and autumn from respective pairs of non-regulated and regulated sampling sites were included for analysis (n = 44).
| Data analysis
The following section is subdivided into three parts to outline the analytical procedures used to address each of the study aims and is presented schematically in Figure 2 .
| Flow and temperature regimes
Flow, air, and stream temperature time series were initially screened so that any missing values accounted for <10% of the total record (Monk et al., 2006) . Missing values were subsequently interpolated using the "na.approx" function within the "zoo" package (Zeleis, Grothendieck, Ryan, & Andrews, 2015) using R studio version 3.0.2 (R Development
Core Team, 2014) . The hydrological models used for non-regulated flows provide an average weekly discharge value. As such, gauged flow, air, and stream temperature time series were aggregated to average weekly values to ensure equivalent temporal resolutions were used for all hydrological and thermal datasets. Air temperatures were converted using the environmental lapse rate to account for differences in sampling site altitudes following the approach outlined in Durance and Ormerod (2007) . These were subsequently modeled against stream temperatures, whereby nonlinear relationships were evident due to asymptotic relationships arising at extreme temperatures (see Mohseni & Stefan, 1999) . As such, "Generalized
Additive Models" were constructed between air and stream temperatures within the "mgcv" package in R studio (Wood, 2015) . These models accounted for 91.6-96.6% of the variation between air and stream temperature time series and were highly significant (all p-values
), which allowed stream temperature values to be reconstructed for all periods when air temperature data was available.
Although both flow and stream temperature time series were available across the whole study period for a subset of the six sampling sites, this abiotic information was only obtainable for all sampling sites between 2005 and 2011. As such, flow and stream temperature time series across this period were used as separate inputs to address the first aim of the study (see Figure 2) , with quantile-quantile (QQ) plots highlighting non-normality when this abiotic information was inputted within linear models. Thus, a Spearman's rank correlation coefficient (r) was used as a measure of association between flow and stream temperature time series between all pair combinations of the six sampling sites. Statistical differences between flow and stream temperature time series exhibited by regulated and non-regulated sampling sites were examined using a Kruskal-Wallis test (a non-parametric one-way analysis of variance), using "site position" (i.e., upstream-non-regulated and downstream-regulated) as a primary factor.
| Ecological responses
Relative community abundances ("relative" due to kick samples representing a semi-quantitative approach), functional traits, and biotic indices (denoting the extent of different abiotic stressors based on faunal communities) of macroinvertebrate samples were explored in relation to flow regulation. The nomenclature of functional traits is reported herein by their "grouping features" and "traits" (see Schmera, Podani, Heino, Erős, & Poff, 2015) . Grouping features represent a functional trait category (e.g., "maximum body size" and "feeding groups"), while traits signify modalities residing within these (e.g., maximum body size-"≤0.25 cm," FIGURE 2 A flow chart depicting the analytical framework adopted within this study. Rectangles with dashed lines represent outputs corresponding to each of the specific study aims. Italicized text represents the statistical techniques used "≥8 cm"; feeding groups-"filter-feeder," "predator"). Macroinvertebrate functional traits were processed from a database initially developed in France, which possesses trait information typically available at species or genus level (Tachet, Bournaud, Richoux, & Usseglio-Polatera, 2010 ). This database utilizes a "fuzzy-coding" approach, whereby macroinvertebrate affinities for individual traits range from zero (indicating no affinity) to three or five (indicating strong affinity-the maximum value depending on the level of information available in existing literature-see Chevene, Doléadec, & Chessel, 1994; Tachet et al., 2010) . Prior to the processing of functional traits, specialist freshwater macroinvertebrate ecologists across various academic and industrial institutions within the UK were consulted to provide their expert input on utilizing the traits database within the context of this research (full details of this procedure are summarized in Appendix A).
Following consultation with national experts, a total of 12 grouping features comprising 82 traits were utilized from the functional traits database in subsequent analyses ( To examine the most sensitive taxa and traits (univariate responses) to flow regulation, similarity percentages (SIMPER) analysis was implemented using regulated versus non-regulated sites ("site position" herein) as a primary factor (see Figure 2 ). Its significance was tested using 999 permutations within the "Vegan" software package (Oksanen et al., 2016) . This procedure was also undertaken for biomonitoring indices to comparatively quantify the sensitivity of these community metrics to flow regulation.
Four matrices comprising representations of different macroinvertebrate compositions were explored via multivariate analyses to quantify the sensitivity of each of these "multivariate ecological responses" (MERs) to flow regulation, as well as spatial and temporal variability (see Figure 2 ): (a) relative community abundances -"taxonomic"; (b) functional traits comprising only biological properties (see Table 2 Non-metric multidimensional scaling (NMDS) was used to visualize differences of MERs between each "site position" (i.e. regulated and non-regulated) using the "metaMDS" function within Vegan. Differences in MERs were quantitatively explored in relation to flow regulation, as well as spatial and temporal controls, with the additive effects of "site position,"
"reservoir" (separate river systems hosting each impoundment), "season,"
and "year" being tested within a permutational multivariate analysis of variance (PERMANOVA) via the "adonis" function within the Vegan package (it should be noted alternative forms of PERMANOVA, including nested designs and interactive effects, were also conducted and are summarized in Appendix B). The variance explained by site position within the PERMANOVA for each MER, as well as the aforementioned SIMPER analysis, was used to guide which ecological responses were to be included in the following analyses (see Figure 2 ).
| Ecohydrological and ecothermal analysis
Two hundred and twenty-four abiotic indices (114 flow and 110 thermal) based around the five facets of the natural flow regime identified in previous studies (Olden & Poff, 2003; Monk et al., 2007 -see Appendix C, Table C1 ) were calculated and used to summarize the antecedent flow and stream temperature variability exposed to macroinvertebrate communities. These were derived from flow and Statistical outputs from the PERMANOVA were subsequently used to highlight which MER was most sensitive to flow regulation (see Figure 2 ). This was achieved by examining which MER exhibited the highest amount of ecological variance explained by site position. This MER was then correlated against each of the six groups of dominant abiotic indices using the "bioenv" function within Vegan. This statistical technique highlighted different subsets of flow and thermal indices that best explained macroinvertebrate responses based on the rank correlation between the Euclidean distances of environmental variables and community (Bray-Curtis) dissimilarities (Oksanen et al., 2016) . The significance of the three models displaying the highest correlation for each of the six groups of dominant abiotic indices was determined via a "mantel" test within the Vegan package, with flow and thermal indices comprising significant associations being used within the subsequent univariate analyses (see Figure 2 ).
Abiotic indices comprising significant ecohydrological and ecothermal associations were used as explanatory variables within univariate regression analyses against a select number of individual macroinvertebrate responses. These response variables were selected based on two criteria: (a) they comprise the MER found to be most sensitive to site position (i.e., the MER used within ecohydrological and ecothermal associations, which was identified via PERMANOVA;
see Figure 2 ) and (b) they were within the five traits or taxa (whichever is appropriate based on the aforementioned criteria-and additionally 3 | RESULTS
| Flow and thermal regimes
Hydrological changes driven by impoundments were evident, with regulated sites experiencing reduced low flow variability and rapid increases in discharge peaks frequently surpassing those exhibited by non-regulated sites (Figure 3) . Hydrological variability displayed a lower correlation between sites compared to thermal regimes (Table 3) between regulated and non-regulated sites compared to thermal variability(as it possesses a much greater X 2 value).
| Ecological responses
SIMPER analysis highlighted a range of macroinvertebrate families (spanning across several taxonomic orders) differed significantly between each site position, with many increasing in relative abundance within regulated systems (Table 4) . Similarly, a range of traits from several grouping features differed significantly between each site position, with traits related to faunal life histories and feeding strategies responding most frequently relative to those comprising other grouping features (Table 4) . However, the number of trait responses displaying greater affinities for regulated sites was more varied than those for individual taxa. All biomonitoring indices differed significantly between regulated and non-regulated sampling sites (Table 4) .
PERMANOVA indicated that macroinvertebrate communities were relatively insensitive to temporal variability, with no MER differing significantly between seasons and years, while the "taxonomic"
MER was the only macroinvertebrate response to differ significantly between watercourses (Table 5) . PERMANOVA highlighted that all MERs were significantly different between site position, with "functional traits and biomonitoring indices" accounting for the greatest amount of ecological variance, but this only varied by 5% across all MERs (r 2 = 0.36-0.41; Table 5 ). The NMDS procedure highlighted that all MERs possessed contrasting communities between regulated and non-regulated sampling sites (e.g., Figure 4 ).
| Ecohydrological and ecothermal associations
Relating "functional traits and biomonitoring indices" (the MER most sensitive between site position- Table 5 ) to abiotic parameters indicated that macroinvertebrate community responses were most highly correlated with 16 abiotic indices (14 flow and 2 thermal), with significant associations existing across all six groups of dominant abiotic indices (Table 6 ). All non-regulated samples displayed one significant association with a single hydrological index that yielded a weak correlation (QNCRR-r = 0.22). In contrast, all regulated samples possessed multiple significant associations that displayed higher correlations (r = 0.38-0.39) with up to five flow and thermal indices (Table 6 ). Ecohydrological associations typically displayed higher corre- temperatures. Congruent patterns of stream temperature variability between all sites were likely due to the geographical proximity of reservoirs (meaning they are exposed to comparable climatic regimes) and the use of aeration systems that prevented thermal stratification within impounded waters. This reservoir water mixing technique has been recommended as an effective way of mitigating ecological changes driven by thermal alterations within reservoirs (Olden & Naiman, 2010; Miles & West, 2011) . However, stream temperatures across paired non-regulated and regulated sites consistently displayed differences in magnitude that ranged from an average of −1.61 to +2.21°C. Thermal changes and differences of such magnitudes may be sufficient to drive ecological changes (e.g., Daufresne, Roger, Capra, & Lamouroux, 2004; Durance & Ormerod, 2007) . In addition, maximum weekly differences between paired non-regulated and regulated sites ranged by >10°C between reservoirs, with greater extremes likely to drive ecological change, particularly if the thermal tolerances of aquatic organisms are exceeded (Elliott & Elliott, 2010; Worthington, Shaw, Daffern, & Langford, 2015) . This suggests that e-flow methodologies aimingtomitigatethermalregimemodificationsdrivenbyimpoundments need to incorporate combinative measures of "within-reservoir" techniques (see Olden & Naiman, 2010) and localized stream-based methods, such as altering the degree of riparian shading to offset alterations to the magnitude of thermal regimes (Hannah, Malcolm, Soulsby, & Youngson, 2008; Garner, Malcolm, Sadler, & Hannah,2014; Johnson& Wilby,2015) .
The regulated sites examined in this study displayed reduced hydrological variability during periods of low flow and rapid rises in discharge during periods of elevated flows compared to non-regulated systems. As such, management strategies aiming to reinstate more framework and conducted within this study.
| The sensitivity of different ecological responses to flow regulation
This study recorded various univariate ecological contrasts between non-regulated and regulated systems. Several macroinvertebrate FIGURE 4 NMDS plot for regulated and non-regulated samples across all sites for functional traits and biomonitoring indices. Grey circles = non-regulated sites and black circles = regulated sites (close to the area of this study) that also operates an aeration system to prevent thermal stratification. The authors recorded instances of warming within the regulated stream that was attributed to solar radiation heating the impounded surface area. Webb and Walling (1996) also described changes in stream temperatures ensuing from discharge variations downstream of the impoundment caused by compensation flow releases, springflow inputs, and the mixing of runoff sources.
The association of faunal communities with antecedent maximum stream temperatures observed in this study probably reflects a combination of these controls and highlights a need to consider different sources of thermal alteration associated with flow regulation within e-flow frameworks.
The strength of associations between abiotic indices and macroinvertebrate community responses typically improved when seasonal models were considered, with no thermal indices comprising the most highly correlated models. This is in contrast to research highlighting that comparable ecological variance could be explained by flow and stream temperature variability within some regulated systems (Jackson et al., 2007; Rolls et al., 2013) . This study found that hydrological indices relating to the timing of extreme flows were of high ecological significance across both regulated and non-regulated sites.
The timing of hydrological controls within regulated environments will have implications for the life-history traits of macroinvertebrates, such as univoltine species that may take longer to recover if extreme events 
| Study implications
The need to explore ecological responses to multiple environmental variables has been advocated to advance the development of future e-flow strategies (Olden & Naiman, 2010; Acreman et al., 2014) .
Integrating flow and thermal regimes could underpin e-flow methodologies because they both respond profoundly to flow regulation (Ellis & Jones, 2014) and possess comparable forms of variability that have been found to exert unique ecological controls (Poff et al., 1997; Olden & Naiman, 2010) . In addition, such information can be measured over long-term periods at high temporal resolutions via data logging devices, while a comparatively lower amount of ecological information is often available from freshwater environments to quantify biotic responses to flow and thermal alterations (e.g. Solans & García de Jalón, 2016) and guide e-flow frameworks (Acreman et al., 2014) . Such limitations were recognized within this study, but a rigorous screening process of ecological data was necessary despite reducing the total number of samples available for analysis. Nevertheless, utilizing macroinvertebrate data collected by routine biomonitoring programs represents a powerful tool in assessing key drivers of ecosystem health over long-term periods (Vaughan & Ormerod, 2010) , which even at coarser taxonomic resolutions (such as family-level data used within this study) can provide robust relationships between environmental conditions and ecological responses across multiple years (e.g., Monk, Wood, Hannah, & Wilson, 2008; Durance & Ormerod, 2009; Worrall et al., 2014) . The methods adopted within this study could be readily applied to river systems impacted by flow regulation worldwide.
Establishing ecohydrological and ecothermal associations within regulated systems allows primary mechanisms driving biotic alterations to be quantified; while such information in non-regulated systems provides an understanding of key hydrological and stream temperature dependencies that lotic ecosystems require in more natural environments. Such information could guide future e-flow methodologies by targeting specific aspects of regulated systems that should be altered or preserved to mitigate alterations to instream biota, as well as how flow and stream temperature variability could be manipulated to rehabilitate or restore lotic ecosystems. 
A. Introduction
The following appendix summarizes the procedure used to incorporate the input of specialist freshwater macroinvertebrate ecologists in the UK to refine the functional trait values used in this study.
Due to the initial traits database being developed within France, this expert opinion approach was conducted to improve the relevance of trait values for UK taxa at the taxonomic resolution available for this study.
A. Methodology and analysis
Specialists across various academic and industrial institutions within the UK were consulted on the use of the traits database used within this study (Tachet et al., 2010) . The inputs of macroinvertebrate specialists were utilized within two broad categories. Firstly, generic comments were considered for procedures involved with processing functional traits. Secondly, specialists were asked to confirm, validate, and (where necessary) propose revisions to trait values (indicated by whether values should be increased or decreased) of taxa most sensitive to flow regulation within this study. Taxa most sensitive to flow regulation were identified across spring and autumn samples by conducting "Similarity Percentages" (SIMPER) analysis on ln(x + 1) transformed taxonomic abundances (Table A1) . The values of 82 traits (across 12 grouping features -see Table 2 The reliability of calculating functional traits by weighting taxa by regional and national percentage occurrence datasets was assessed by subtracting each of these matrices by the equally weighted family average and reviewing how trait values responded (i.e., increased, decreased, or no change) compared to the suggestions proposed by macroinvertebrate specialists (Table B2) . Non-metric multidimensional scaling (NMDS) was used to visualize differences of trait compositions outputted from the three different family-average weighting procedures using the "metaMDS" function and were statistically explored using a permutational multivariate analysis of variance (PERMANOVA) via the "adonis" function within the Vegan package.
A. Results
Macroinvertebrate specialists provided several comments, although only three were consistently reported. Firstly, experts commented on the general validity of trait values within a UK context, supporting the use of this traits database within this research. Secondly, specialists discouraged conducting averages for Chironomidae and Oligochaeta, due to high levels of species diversity within these taxonomic groups.
As such, these taxa, along with any other taxa recorded at a taxonomic resolution coarser than family-level, were excluded from the traits procedure. Thirdly, specialists discussed how a family average based on equal weights may give more weight to rare species and less influence to common taxa within fluvial environments. This shaped the results (Table A2 ).
The NMDS procedure showed no discernible shifts in the multivariate location between the trait compositions obtained from the different family-averaged weighting procedures ( Figure A1 ), and PERMANOVA highlighted that these did not differ significantly 
B. Data analysis
This study conducted PERMANOVA to assess how four multivariate ecological responses (MERs-comprising different ecological information obtained from macroinvertebrate samples, details of these are described in the main body of text) responded to flow regulation, as well as spatial and temporal controls. The additive and interactive effects of "site position" (i.e., upstream-non-regulated and downstream-regulated sites), "reservoir" (i.e., separate river systems hosting each impoundment), "season," and "year" were assessed via the "adonis" function within the Vegan package. In addition, a nested PERMANOVA was conducted to test for the influence of "site position" (primary factor) along different watercourses (with "reservoir" being used as a blocking factor) to account for potential spatial differences in macroinvertebrate communities, which were not a function of flow regulation.
Second-order polynomial regressions were conducted between 16 flow and thermal indices and 8 individual macroinvertebrate responses (criteria for selecting these explanatory and response variables are summarized in the main body of text -see Figure 2 ). The p-values of these models are summarized within this appendix, with the model significance being determined by adjusting the significant α level via an alternative to the Bonferroni correction, which multiplies the model's degrees of freedom by 0.05 before dividing by the total number of tests. Frequency.
QFRE1
Number of flow events greater than Q50 TFRE1 Number of temperature events greater than T50
QFRE3
Number of flow events greater than 3 x Q50 TFRE3
(Continues)
B. Results
The PERMANOVA highlighted that the inclusion of interaction terms did not improve the variance explained by different environmental controls and few of these models differed significantly (Table B1 ). In addition, a nested PERMANOVA revealed statistically identical outputs to those produced by a non-nested design, using "site position"
as a primary factor (see the first row in Table B1 ). Table B2a ), relative to non-regulated samples (n = 7; Table B2b ).
APPENDIX C
The following appendix provides details of the definitions for all flow (discharge) and thermal indices processed in this study (Table C1 ).
